The analysis of monoclonal antibodies (mAbs) by a middle-down approach is a growing field that attracts the attention of many researchers and biopharma companies.
Bottom-up, middle-down, and top-down mass spectrometry (MS) strategies are often used to fulfill and streamline molecular characterization requirements 1 . Bottom-up approaches digest the mAb into peptides before analysis 6 , top-down MS methods analyze intact molecules [7] [8] [9] [10] , and middle-down methods are performed by measuring the mass and subsequent fragmenting large pieces or subunits from mAbs (typically 25-50 kDa) that are more suitable for state-of-the-art liquid chromatography tandem mass spectrometry (LC-MS/MS) methods and techniques [11] [12] [13] [14] [15] [16] . The subunits or parts of the polypeptide chain can be obtained through the chemical reduction of disulfide bonds-yielding free Lc and Hc 17and/or by using a specific enzymatic proteolysis (i.e. digestion with IdeS or IdeZ) that usually generates F(ab')2 (∼100 kDa) and Fc (∼50 kDa) pieces 18 . The S-S bounds in these pieces can be further reduced, resulting in three ∼25 kDa subunits: one Lc and two portions of Hc named Fc/2 and Fd 19 .
Even the simplest mixture of two unique polypeptide chains obtainable via disulfide bond reduction (i.e., without proteolysis), Lc and Hc, cannot be analyzed effectively by MS without some type of front-end fractionation that can isolate or partially separate the chains.
Both the overlap of their charge state envelopes and ionization suppression effects can lower their spectral signal-to-noise ratio (S/N)-particularly for the larger Hc-and could result in co-isolation during fragmentation experiments (tandem MS, or MS/MS). Fractionation methods are typically based on liquid chromatography performed using reverse phase (RP) 17 , size exclusion (SEC) 20; 21 , or ion exchange (IEX) 22; 23 columns. Each LC-MS/MS run takes several minutes, generally only one fragmentation method is used per run, and multiple injections are needed to maximize sequence coverage 14 . Furthermore, liquid chromatography instruments add expense, with elevated operational costs depending on columns and extent of method development required. Front-end separation based on liquid chromatography also raise issues of sample carryover, contamination, and potential sample losses via irreversible adsorption.
In sharp contrast to liquid-phase separation, a new high-field asymmetric waveform ion mobility spectrometry (FAIMS) device with cylindrical electrodes and improved transmission has recently been described and allows for rapid and effective gas-phase separation of molecules after they are ionized and prior to the mass spectrometer entrance 24; 25 . FAIMS devices operate at atmospheric pressure, conducting ions among an inner and an outer electrode under a high or low electric field 26 . The electric fields are generated from an asymmetric waveform, and the ion separation is based on ion differential mobility. Ions with moderate to no difference in mobility between the high and low fields are conducted to the MS, while ions with a large mobility difference are deflected to the electrodes and are lost.
Adding a direct current (DC) voltage-termed the compensation voltage (CV) -to the system alters ion trajectories, which provides a compensation for the drift of specific ions and permits those ions to pass through the electrodes and be analyzed 27; 28 . Ions above ~30 kDa show a strong increase of mobility at high fields, which agrees with expected ion dipole alignment and expands the useful FAIMS separation power [29] [30] [31] . Summarizing, changes in CV will favor different groups of ions and function as a filter, as observed for peptides 32 and proteins 29 . The use of gas-phase fractionation can exclude the liquid separation step for middle-down mAb analysis, making it fast, less expensive, and more robust.
Herein, we present a novel method for fast middle-down analysis of reduced Lc and charges, acquisition range set between m/z 500-2,000, average of 20 spectra, ion transfer tube temperature set at 300 °C; for HCD, NCE was set at 15% for charge state 1; CID was performed using 10% of NCE for charge state 1; ETD AGC target value for fluoranthene radical anions was set to 7-8×10 5 charges, default charge state of 3, using ETD reaction times of 2, 5, and 10 ms; electron-transfer/higher-energy collision dissociation (EThcD) was performed using the same ETD conditions with 2 ms reaction time and 15% of NCE for HCD at charge state 1.
The data were analyzed using Thermo XCalibur Qual Browser v4.0.27.10 (Thermo Fisher Scientific) to average spectra and manipulate .raw files. Mass deconvolution of lowresolution data was performed on UniDec GUI v3.0.0 33 A mixture of reduced Lc and Hc, from NIST mAb reference material, was directly sprayed into an Orbitrap Eclipse™ Tribrid™ mass spectrometer, and the obtained MS spectrum is dominated by the charge state envelope of the Lc with the Hc charge state distribution below 20% of relative intensity ( Figure 1A) . The constitutional ratio between Lc and Hc for NIST mAb is 1:1. However, S/N for Lc was 119 (m/z 1,052, charge state +22), and for Hc it was 14.4 (m/z 1,043, charge state +49) and signal intensities were not equivalent. The lower signal and S/N observed for Hc is due to the signal splitting into more charge states than Lc, the presence of more proteoforms (glycosylation), and differences in ionization efficiency. The deconvoluted spectrum ( Figure 1B) confirms the abundance discrepancy with Lc representing ~90% of peak intensities while Hc only ~10%. Looking at Hc proteoforms, G1F was the most intense glycoform observed, G0F represented one third of its intensity, and no other Hc glycoform masses were detected.
Spraying the same mixture into the instrument equipped with FAIMS Pro™ and stepping the compensation voltage (CV) by 10 V from -30 V to +40 V allowed the gas-phase separation of Lc and Hc based on their ion mobilities across the generated high field asymmetric waveforms ( Supplementary Figures S1 and S2) . Acquisition was performed for three minutes in each CV 10 V steps, and the -20 V step presented the clearest spectrum for Lc ( Figure 1C ). The most abundant charge state showed a S/N of 2,390 for m/z 1,052 (charge state +22), which is equal to an increase of 20-fold compared to the no FAIMS spectrum.
Moreover, the Hc charge distribution observed was below 3% of total ion relative intensity.
The deconvoluted spectra is composed of 95.2% of Lc and 4.8% of Hc based on peak intensities ( Figure 1D (Figure 2A) . The non-enzymatic, but covalent adduction of a Hex sugar molecule on a lysine or on a protein Nterminus is called "glycation", and for the Lc of NIST mAb there are 22 distinct glycated peptides reported 34 . Lc+Hex is reported as trace level post-translational modifications (PTMs) 35 . In addition, the glycated Lc proteoforms correspond to ~4% of the total ion intensity of the non-modified Lc, indicating that FAIMS-MS is suitable to detect low stoichiometry mAbs PTMs.
On the other hand, the CV of +40 V generated the cleanest spectrum for Hc ( Figure   1E ) with no detection of Lc and a S/N of 477 for m/z 1,043 (charge state +49), which corresponds to a 34-fold increase compared to the spectrum recorded without FAIMS. The observed deconvoluted average mass for Hc G1F was 51,068.59 Da, -10.4 ppm off from the theoretical mass 51,069.12 Da. In the deconvoluted spectrum only Hc was detected ( Figure   1F ), and it presented 6 glycoforms ( Figure 2B ): G0F-GlcNAc, G0F, G1F, G2F, G2F+Hex, and G2F+2Hex. Their relative abundances based on ion intensity are 1.5%, 40.5%, 43.6%, 11.8%, 2.1%, and 0.5% respectively. Single-and double-guanidine (60 Da) adducts were also observed. The observed ratios of the glycoforms are in accordance with the literature findings 36; 37 . As G0F-GIcNAc, G2F+Hex, and G2F+2Hex were just not seen without the use of FAIMS due to their low abundance. Their detection and accurate relative quantitation using FAIMS are a good indicator of the heightened sensitivity afforded using FAIMS-MS.
Preventing the overlap of Lc and Hc charge state envelopes in the m/z space permits the isolation of a single charge state of each polypeptide chain or the isolation of multiple charge states of the same polypeptide chain without co-isolation with the other chain.
Avoiding co-isolation is important for successful fragmentation of a single species, generating non-chimeric spectra, which are subsequently easier to correctly interpret and match against the polypeptide primary chain sequence. A single charge state of the Lc chain was quadrupole-isolated using a 20 Th window and fragmented by HCD, CID, ETD, and UVPD. MS/MS data were acquired for only three minutes in each dissociation method, and Lc graphical fragmentation maps were generated using TDValidator (Supplementary Figure   S3 ). The combination of all the quickly acquired dissociation maps (resulting from 12 minutes. total instrument time) yielded 65% sequence coverage for Lc ( Figure 3A) . For Hc, multiple charge states were isolated in a 100 Th isolation window, and ions were fragmented using HCD, CID, ETD, and EThcD (Supplementary Figure S4) . Acquisition time was comparable to the one needed for the Lc, and the combination of fragmentation maps resulted in 34.4% of sequence coverage for the most abundant proteoform Hc G1F ( Figure 3B ). No changes in the fragmentation maps were observed considering G0F or G2F glycans. to acquire all fragmentation data on Lc or Hc using 4 different dissociation methods, which is 40-60% faster than regular LC-MS/MS analysis. Further improvements in the acquisition routine can make the method even faster for the characterization of mAb and mAb conjugates. In this work, samples were manually sprayed, and data was acquired directly from Tune (instrument controller software). However, it is possible to use automated nanospray or microspray to run FAIMS-MS/MS in a high throughput manner far simpler than current LC-MS/MS analyses. The analysis of mAbs is a growing field that attracts the attention of many researchers and biopharmaceutical companies, and the new FAIMS-MS/MS method presented can improve speed, limit artefacts, and reduce costs of middledown mAb analysis. 
Abbreviations

